The cerebellum (CB) undergoes major rapid growth during the third trimester and 27 early neonatal stage in humans, making it vulnerable to injuries in pre-term 28 babies. Experiments in mice have revealed a remarkable ability of the neonatal 29 CB to recover from injuries around birth. In particular, recovery following 30 irradiation-induced ablation of granule cell precursors (GCPs) involves adaptive 31
NEPs or alter development of the cerebellum. Our study provides new insights 48 into the molecular signaling underlying postnatal cerebellar development and 49 regeneration. 50
INTRODUCTION 51
The cerebellum (CB) not only has a principal role in motor coordination and 52 balance control (Huang et al., 2013) , but also is linked to a wide range of higher 53 order cognitive and social functions (Fatemi et mouse is a protracted process, much of which spans from late embryonic to early 57 postnatal stages (Altman and Bayer, 1997; Dobbing and Sands, 1973; Rakic and 58 Sidman, 1970) . Therefore, the CB is particularly vulnerable to clinical and 59 environmental insults around birth. Indeed, preterm birth has been linked to 60 cerebellar hypoplasia and multiple neurological dysfunctions (Allen, 2008 the EGL is rapidly reconstituted several days after depletion by irradiation 76 (Altman et al., 1969) , we found that the CB of neonatal mice is capable of 77 substantial recovery and production of an adult CB with 70-80% of the normal 78 size and normal morphology after significant ablation of GCPs in the EGL by 79 irradiation at postnatal day (P) 1 (Wojcinski et al., 2017). Furthermore, PCs are 80 completely replenished when ~50% are killed at P1, in an age-dependent 81 process that involves a rare immature PC population proliferating and producing 82 new PCs (Bayin et al., 2018) . Thus, at least two cell types in the CB are 83 effectively replenished when ablated soon after birth, and each involves a distinct 84 cellular process. 85
86
The regeneration of GCPs after depletion via irradiation is dependent on a 87 subpopulation of Nestin-expressing progenitors (NEPs), which are derived from 88 the ventricular zone during late-embryogenesis and proliferate in the postnatal 89 CB (Buffo and Rossi, 2013; Fleming et al., 2013; Milosevic and Goldman, 2004) . 90
There are two main subpopulations of NEPs, one that resides in PCL and gives 91 rise to astroglia (astrocytes and Bergmann glia) and the other in the white matter 92 for Taz (Table. S1). The DNA-binding TEAD family transcription factors Tead1 185 and Tead2 transcripts were abundant while Tead3 was minimal (Table. S1), 186 indicating that TEAD1/2 are the main binding partners for YAP/TAZ in neonatal 187
NEPs. The Hippo target gene Birc5 was present and appears to be slightly 188 upregulated in irradiated NEPs, but a second target gene Ctgf had little 189 expression ( Table. S1 ). Together, these data demonstrate that the cell type that . Surprisingly, when the areas of the CB and IGL were measured at P12 220 and P16, we found that IR Nes-mYap cKOs and controls had similar IGL/CB 221 ratios at P12 but a significant reduction at P16 (Fig. 2S2 ). Together, these data 
irradiation-induced injury at P1 239
Given that the area of the cerebella of Nes-mYap cKOs at P12 was similar to 240 Non-IR controls, we examined whether YAP is required for migration of NEPs 241 into the EGL. The distribution of GFP+ cells derived from NEPs labeled at P0 242 (and also mutated for Yap in Nes-mYap cKOs) in the different layers of Lobule 243
4/5 was quantified in both Nes-mYap cKOs and controls (Nes-FlpoER/+;R26 FSF-244
GFPcre/+ or Nes-m) at P8 (Fig. 3A) . Consistent with the initial recovery of CB area 245
in Nes-mYap cKOs compared to IR controls, both the number and the 246 percentage of GFP+ cells in the EGL of IR mice was similar between the two 247 genotypes and much greater than in Non-IR mice ( Fig. 3G-L ). In addition, the 248 numbers and percentages of NEPs in the molecular layer (ML) and IGL+WM 249 were similar between genotypes in the IR condition, but as expected the number 250 of NEPs in the PCL was increased after irradiation ( Fig. 3S ). These results 251 indicate that the initial responses of NEPs to irradiation do not depend on YAP, 252
including the expansion of the PCL-NEP population and migration of NEPs from 253 the PCL into the EGL to repopulate the GCPs. Fig. 4S1A,B ). There was a concomitant decrease in the percentage of 266 cells in the IGL+WM layers, but not the total number of cells, indicating that the 267 significant change in Nes-mYap cKOs is an increase in the production of NEP-268 derived cells that populate the ML ( Fig. 4E; Fig. 4S1A,B ). Consistent with the 269 GFP+ cells in the ML being the expected interneurons produced by WM-NEPs, 270 there was also a significant increase in the number of cells in the ML that 271 expressed PAX2, a marker of differentiating interneurons (Fig. 2F ). The number 272 of PAX2+ cells in the IGL+WM also might be increased, consistent with an 273 overall increase in production of interneurons in the absence of Yap (Fig. 4G ; 274 Given that we did not observe a change in the distribution of Yap mutant GFP+ 280 cells in the layers of the P8 CB after irradiation, we next examined whether the 281 loss of YAP alters the differentiation of NEPs into interneurons (PAX2+) and 282 astrocytes (S100β+) during irradiation-induced recovery of the CB, since both 283 were increased in Non-IR mutants. Although the normalized number of PAX2+ 284 interneurons in lobule 4/5 at P8 showed a significant difference between Yap 285 mutant and control IR mice, no difference was observed in the number or 286 percentage of PAX2+ cells in a specific layer ( Fig. 4S2A,B ). Additionally, there 287 was no difference in the production of S100β+ astrocytes between Yap mutant 288 and control mice after irradiation ( Fig. 4S2C,D) . These results indicate that the 289 requirement for YAP in differentiation of NEPs is over-ridden when the EGL of 290 the CB is injured. 291 292
Loss of YAP results in an increase in cell death in the EGL at P12 following 293 irradiation-induced injury at P1 294
We next analyzed the CB at P12, when the EGL is normally diminishing due to 295 increased production of granule neurons. Given the reduction of the IGL in 296 mutants compared to control IR mice at P30, we asked whether YAP plays a role 297 in cell survival of GCPs. Strikingly, TUNEL staining in the EGL revealed a 298 significant increase in the density of TUNEL+ particles within the EGL (number of 299 TUNEL+ particles per 0.1mm 2 ) of Nes-mYap cKOs compared to controls after 300 irradiation ( Fig. 5) . In contrast, the density of TUNEL+ particles within the EGL at 301 P8 was similar between controls and mutants, consistent with the similar 302 distribution of GFP+ cells between the cell layers ( Fig. 5S ). These results indicate 303 that YAP is required for GCPs to maintain cell survival in the EGL during injury-304 induced recovery. 305 306 YAP is not required in GCPs for cerebellar growth during normal 307 development 308
Given that when Yap is deleted in NEPs there is an increase in cells death of 309 GCPs at P12, one possible explanation is that YAP is required for GCP 310 proliferation/differentiation or survival. In order to determine whether YAP plays a 311 role in GCPs during normal development of the CB, we generated two mutants. 312
First, we deleted Yap from the ATOH1-expressing rhombic lip lineage when 313
GCPs are generated in the embryo and analyzed the size of the CB at P30. 314
Consistent with the weak expression of Yap in GCPs ( Fig. 1A-C) , P30 Atoh1-315
Cre/+;Yap flox/flox (Atoh1-Yap cKO) mice showed no reduction in the area of the 316 midline CB (Fig. 6A,B ), or the IGL area or IGL/CB ratio compared to Yap flox/flox 317 littermate controls ( Fig. 6C-G) . This lack of a growth phenotype is similar to mice 318 lacking Yap in NEPs (Fig. 2C,D) , showing that loss of YAP in the Atoh1-lineage 319 does not have a major effect on growth of the CB during development. Taz did not alter cerebellar size at P30 ( Fig. 7; Fig. 7S ). However, unlike Nes-356 mYap cKOs, Nes-mTaz cKOs recovered almost as well as control mice after 357 irradiation ( Fig. 7; Fig. 7S ). We next ablated both Yap and Taz from NEPs using cKOs. On the contrary, Nes-mYapTaz cKOs had no significant reduction in the 363 area of the midline CB or IGL, although they had a small but significant reduction 364 in the IGL/CB ratio compared to controls ( Fig. 8; Fig. 8S1A-C) . The apparent 365 better recovery of Nes-mYapTaz cKOs compared to Nes-mYap cKOs could 366 indicate that loss of Taz partially rescues the poor late recovery observed in Nes-367 mYap cKOs ( Fig. 8S1D-F) . 368
369
In order to examine whether the apparent better recovery in Nes-mYapTaz cKOs 370 compared to Nes-mYap cKOs correlates with better survival of GCPs in the EGL 371 at P12, we quantified cell death by TUNEL staining of cerebellar sections. Unlike 372 the obvious increase in the density of TUNEL+ particles within the EGL of Nes-373 mYap cKOs compared to controls after irradiation (Fig. 5F) , IR Nes-mYapTaz 374 cKOs did not have a significant increase in cell death in the EGL compared to 375 controls (Fig. 8S2) . Such an attenuated cell death could contribute to the slightly 376 better regeneration observed in Nes-mYapTaz cKOs compared to Nes-mYap 377 cKOs. 378
DISCUSSION 379
In this study, we demonstrated that YAP has a major requirement for postnatal 380 regeneration of the CB following irradiation. In particular, mutation of Yap impairs 381 the recovery of normal cerebellar size and formation of the IGL following 382 irradiation. This defect is accompanied by an increase in cell death in the EGL at 383 For animals younger than P4, brains were dissected out and fixed in 4% 487 paraformaldehyde overnight at 4°C. Animals P4-30 were anesthetized and 488 transcardially perfused with PBS followed by chilled 4% paraformaldehyde. 489
Brains were harvested and post-fixed overnight and cryoprotected in 30% 490 sucrose before freezing in Cryo-OCT. Frozen brains were sectioned at 12 µm on 491 a cryostat, and sagittal sections of the midline CB were used for all analyses. 492 493
Immunofluorescent staining 494
Cryosections were stained overnight at 4 °C with the following primary 495 antibodies: mouse anti-YAP (Abcam, AB56701), rabbit anti-TAZ (Santa Cruz, sc-496 48805), rat anti-GFP (1:1,000; Nacalai Tesque; 0440484), mouse anti-NeuN 497 (Millipore, MAB377), rabbit anti-Calbindin D-28K (Swant, CB38), rabbit anti-498 GFAP (Dako, Z0334), rabbit anti-S100β (Dako, Z0311), rabbit anti-PAX2 499 (Invitrogen, 71600), and goat anti-SOX2 (R&D System, AF2018). Secondary 500 antibodies for double labeling were donkey anti-species conjugated with Alexa 501
Fluor 488 or 555 (1:1,000; Molecular Probes). Nuclei were counterstained with 502
Hoechst 33258 (Invitrogen, H3569). cKOs (Non-IR, n = 7; IR, n = 6) and controls (Non-IR, n = 4; IR, n = 7). (J) p = 928 0.1637; (K) p = 0.0383. Data are presented as mean ± S.D., and statistical 929 analysis by unpaired t test. Each data point represents one animal, and is 930 calculated using the average for each IR mouse divided by the mean of the Non-931 IR mice of the same genotype, X 100. 
